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A B S T R A C T
Soil bacteria play an important role in ecosystem functioning and regulate the health and diversity of above-
ground plant communities. South Africa's fynbos vegetation, part of a global biodiversity hotspot with a well-
characterised flora, is highly threatened and fragmented. Surprisingly, very little is known about the below-
ground communities that underlie the region's exceptional botanical diversity. Next-generation sequencing was
used to investigate the diversity and composition of soil bacterial communities spanning diverse fynbos sites and
across different seasons, and how these relate to spatial and environmental attributes. Fynbos soils were char-
acterised by high bacterial diversities and strong spatial turnover, i.e. unique bacterial assemblages at sites,
characterised by specific dominant taxa (e.g. Acidobacteria for acidic soils, Actinobacteria for alkaline soils).
This turnover was largely driven by differences in abiotic soil conditions (particularly pH and NH4+) and spatial
separation. Seasonality also played a significant role in shaping fynbos soil bacterial community diversity and
composition. The high diversity and turnover of fynbos soil bacterial communities mirrors previously reported
diversity patterns of aboveground plant communities, often also driven by abiotic soil conditions. Thus, future
habitat degradation and loss that alter abiotic soil conditions could strongly affect these bacterial communities, a
crucial component of the functioning of both below- and aboveground terrestrial ecosystems.
1. Introduction
Soils effectively form the basis for all life on Earth, with their biotic
components vital for the functioning of terrestrial ecosystems. Soil
bacteria specifically, are responsible for many of these functions (e.g.
regulation of nutrient cycling and organic matter turnover) (Van Der
Heijden et al., 2008). These bacteria also represent a considerable
portion of above-below ground interactions, such as plant-symbiont
associations (Coats and Rumpho, 2014) and are thus important drivers
of aboveground community structure and diversity of plants (O'Connor
et al., 2002; Van Der Heijden et al., 2008; Fitzsimons and Miller, 2010;
Slabbert et al., 2010).
Abiotic factors such as soil pH, temperature, salinity, organic carbon
and general nutrient input, moisture, and geographic distance, are all
important drivers of soil bacterial community diversity and composi-
tion (Zhou et al., 2002; Lauber et al., 2009; Fierer et al., 2012; Van Horn
et al., 2014; Gibbons and Gilbert, 2015; Thompson et al., 2017). Of
these, pH is widely recognised as one of the most important (Fierer and
Jackson, 2006; Lauber et al., 2009; Fierer et al., 2012), with highly
acidic or alkaline soils typically having less diverse communities than
neutral soils (Fierer and Jackson, 2006; Lauber et al., 2009; Zhou et al.,
2016; Wu et al., 2017). The relative abundances of certain bacterial
phyla may also be highly correlated with soil pH (Lauber et al., 2009).
Although temperature influences soil bacterial community diversity
and structure, it seems less important than pH and salinity (Lozupone
and Knight, 2007; Wang et al., 2018). However, temperature in concert
with pH can effect these communities, such that higher bacterial rich-
ness is typically found in cool and neutral pH soils (Thompson et al.,
2017). Unsurprisingly, soil bacterial communities in the same location
can vary substantially over time due to temporal fluctuations in soil
abiotic conditions (Buckley and Schmidt, 2003; Grundmann, 2004;
Lipson, 2007; Zhang et al., 2011; Prosser, 2012). This may be parti-
cularly true for regions like Mediterranean-type ecosystems that ex-
perience strong seasonality. Soil bacterial beta diversity is, however,
thought to be less impacted by seasonality than alpha diversity as a
consequence of losing and gaining season-dependent rare species
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(Lauber et al., 2013).
As one of the world's most biodiverse regions, South Africa's Core
Cape Region (CCR) has received much botanical research attention
(Myers, 2003; Manning and Goldblatt, 2012), being home to approxi-
mately 9300 plant species, 68% of which are endemic (Goldblatt, 1997;
Rebelo et al., 2006; Manning and Goldblatt, 2012). The dominant
fynbos vegetation of the CCR is characterised by high levels of alpha
and beta diversity. Fynbos experiences a Mediterranean type climate,
with hot and dry summers, and cold and wet winters (Rebelo et al.,
2006). The exceptional plant diversity and turnover in the CCR corre-
lates with abiotic soil characteristics, diverse geology, and rainfall
patterns, which together produce a diverse array of habitats that are
sharply defined and in close proximity to one another (Linder, 1991;
Manning and Goldblatt, 2012).
Despite the vast amount of information available on plant diversity
and structure across fynbos communities, little is known about the
other components of their diversity. For example, to date only two
studies have explored the structure of fynbos bacterial communities on
local scales (Slabbert et al., 2010, 2014). Given the importance of soil
abiotic conditions in driving fynbos plant abundance and distributions
(Ellis et al., 2014), and the known link between below- and above-
ground diversity, this lack of information, certainly over large spatial
scales, is surprising (but see Stafford et al., 2005; Slabbert et al., 2010,
2014; Miyambo et al., 2016; Moroenyane et al., 2016; Postma et al.,
2016). Such information is critical, not only to better understand the
factors driving exceptional aboveground plant biodiversity of the
fynbos, but also to gather baseline data to measure the impacts of future
disturbances on these ecosystems, e.g. those caused by plant invasions,
changes in land use, and climate change.
Here, whole soil bacterial community diversity and composition
was compared between pristine fynbos habitats spanning various spa-
tial scales, and across different seasons. Specifically, we wanted to de-
termine: 1) the spatial structure of bacterial community turnover (i.e.
local within-site vs. regional between-site turnover) and to what extent
bacterial species replacement occurs across space, 2) whether differ-
ences in soil bacterial communities can be attributed to spatial and/or
environmental (soil) components, 3) whether seasonal changes play a
significant role in shaping fynbos bacterial communities, and 4) whe-
ther specific taxa are characteristic of specific sites. Given the high
habitat diversity and plant community turnover typical of fynbos, it was
expected that soil bacterial communities would also exhibit high beta
turnover associated with changing soil characteristics. We expected
that soil characteristics should predict a large portion of soil bacterial
community variability, and that fynbos bacterial communities should
exhibit strong seasonal fluctuations, especially in alpha diversity.
2. Materials and methods
2.1. Study sites and soil collections
Soil conditions can display considerable geographical variability
(Wandrag et al., 2013); a phenomenon common in South Africa's fynbos
vegetation (Cowling, 1990). To capture this variability, five study sites
spanning a wide geographic range within fynbos vegetation were se-
lected (Fig. 1a): Vergelegen Wine Estate (VG; approximate coordinates:
34.056°S, 18.934°E), Vermaaklikheid (VM; 34.358°S, 21.038°E), Koude
Vlakte Conservancy (KV; 34.475°S, 19.455°E), Walshacres (WA;
34.420°S, 19.442°), and Flower Valley (FV; 34.559°S, 19.470°E). Each
site encompasses a different vegetation type (Rebelo et al., 2006). These
sites are between 6 km and 280 km apart, and were chosen based on the
absence of invasive species and signs of human-mediated disturbance
(clearing, grazing, etc.). A brief summary of the sites are as follows
(Rebelo et al., 2006): site FV forms part of Overberg Sandstone Fynbos
and is characterised by moderately tall, dense restioid, ericoid, and
proteoid shrublands overlying acidic lithosol soils derived from sand-
stones of the Table Mountain Group. Site KV forms part of Agulhas
Limestone Fynbos and is characterised by moderately dense, low
shrublands containing tall, emergent proteoids, on deep alkaline regic
sands overlying limestone. Site VG forms part of Boland Granite Fynbos
and is characterised by freely draining soils derived from granite and
dominated by scrub, asteraceous, and proteiod fynbos. Site VM is part
of Canca Limestone Fynbos and is a hill top site characterised by tall,
emergent proteiods in a medium dense shrubland overlying shallow
neutral to alkaline, grey regic sands derived from limestone. Finally,
site WA forms part of Elim Ferricrete Fynbos and is characterised by
open to closed dwarf shrublands with occasional tall proteoid shrubs
overlying prismacutanic and pedocutanic soils derived from Bokkeveld
shale, Cape granite, ferricrete, and silcrete.
Soil sampling took place during the austral autumn and spring
seasons of 2016. At each site four random plots of 1 × 1 m were
identified (Supplementary Fig. S2.1). In each of these plots five soil
subsamples of approximately 50 g each were taken randomly within the
first 10 cm of the soil surface. All samples were collected away from
plants to avoid roots. Where present, the top layer of litter/organic
material was removed before soil collection (Roesch et al., 2007). For
each plot, the five collected soil subsamples were bulked and mixed,
leading to four independent replicates per site per season (total n = 40:
4 replicates x 5 sites x 2 seasons). Each soil sample was divided in two
parts: the first part was analyzed for soil abiotic variables, and the
second for soil bacterial communities. Only soil samples that were de-
signated for bacterial community analysis (i.e. to be used for DNA ex-
tractions) were kept on ice during transport and were immediately
stored at −80 °C upon arrival at the lab.
2.2. Abiotic soil variables
The following abiotic soil variables were analysed for all collected
samples: pH, Olsen phosphorous (P), total carbon (C), nitrate content
(NO3−), ammonium content (NH4+), and total nitrogen content (N).
Analyses were conducted at BemLab (SANAS Accredited Testing
Laboratory, Somerset West, South Africa), according to standard quality
control procedures (SSSA, 1996). Briefly, soil samples were air dried,
sieved through a 2 mm sieve to remove stone fractions, and analysed for
pH (1.0 M KCl). Both total C and N contents were determined by total
combustion using a Leco Truspec® CHN analyser (Leco Corporation, St.
Joseph, MI). Ammonium and nitrate were extracted from all samples
with 1 N KCl. From here, ammonium-N (NH4+-N) was determined
colorimetrically with a SEAL AutoAnalyzer 3 after reaction with a
buffered (pH of 12.8–13.0) sodium salicylate, sodium nitroprusside,
and sodium hypochlorite solution. Nitrate-N (NO3−-N) concentration
was similarly determined colorimetrically via reduction of NO3− to
NO2− using a copper-cadmium reduction column. Olsen P (i.e. in-
organic phosphate) was measured based on the extraction of phosphate
from soil using 0.5 N sodium bicarbonate solution adjusted to pH 8.5
with sodium hydroxide and analyzed with inductively coupled plasma
mass spectrometry.
2.3. Soil DNA extraction and sequencing
For whole soil bacterial analysis total genomic DNA was extracted
from 0.25 g of each soil sample using the PowerSoil® DNA extraction kit
(MO BIO laboratories Inc., Carlsbad, CA, USA) following the manu-
facturer's protocol. The 16S rRNA gene was amplified using the primers
799F (5′-AAC MGG ATT AGA TAC CCK G-3′) and 1391R (5′- GAC GGG
CGG TGW GTR CA-3′), with sample-specific barcodes in the forward
primer. Amplification was done using a 30 cycle PCR and the
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, USA) under the
following PCR conditions: 94 °C for 3 min, followed by 28 cycles of
94 °C for 30 s, 53 °C for 40 s and 72 °C for 1 min, followed by a final
elongation at 72 °C for 5 min. After amplification, PCR products were
checked on a 2% agarose gel to determine the success of amplification
and the relative intensity of bands. Multiple PCR samples were pooled
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together in equal proportions based on their molecular weight and DNA
concentrations. Pooled samples were purified using calibrated Ampure
XP beads (Agencourt Bioscience Corporation, Beverly, MA, USA) and
used to prepare DNA libraries by following the Illumina TruSeq DNA
library preparation protocol. Sequencing was performed at MR DNA
(www.mrdnalab.com, Shallowater, TX, USA) on an Illumina MiSeq
instrument (Illumina, San Diego, CA, USA) following the manufacturer's
guidelines.
2.4. Bioinformatics
All raw MiSeq DNA sequence data were processed following
Fig. 1. Site and soil bacterial OTU richness details. A) Map showing the location of the study sites. B) Venn diagram showing the distribution of soil microbial OTUs
for all sites with OTUs aggregated for season. Numbers in diagram represent OTU richness (total number of OTUs for the dataset = 39 501). All sites shared a core
number of OTUs (750 in total), but also had high numbers of unique OTUs.
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standard procedures (Schloss et al., 2011) using mothur version 1.37.1
(Schloss et al., 2009). Briefly, after removal of low-quality sequences
and optimizing sequence lengths (to between 383 and 395 bp), unique
sequences were aligned to the SILVA-ARB (release 123) reference da-
tabase. Sequences were aligned to the same region of the 16S rRNA
gene and columns containing only gaps were removed. All chimeric
sequences were removed independent of a reference database using the
uchime algorithm (Edgar et al., 2011) and the template as self, i.e. de
novo removal. Sequences were subsequently clustered into Operational
Taxonomic Units (OTUs) at the 97% sequence similarity level. Re-
presentative sequences for OTUs were chosen as those that were most
abundant in each cluster. The ribosomal database project (RDP) Clas-
sifier (Wang et al., 2007) was used to determine the taxonomic identity
of each OTU, and all sequences classified as chloroplast, mitochondria,
and archaea, were removed. For standardization an equivalent number
of sequencing reads from each of the 40 replicates was subsampled.
Finally, singleton and doubleton OTUs (i.e. OTUs with only one or two
sequence reads for the entire dataset) were removed, leading to a final
of 564 346 total reads and 39 501 OTUs. A limitation on the classifi-
cation of bacterial OTUs from next-generation sequencing techniques
results from the incompleteness of current reference sequence data-
bases (Thompson et al., 2017). However, it does not detract from the
usefulness of OTUs in the calculation of various diversity metrics (both
alpha and beta diversity).
2.5. Statistical analyses
All statistical analyses were conducted in the R statistical environ-
ment (version 3.5.1) (R Core Team, 2017), unless otherwise specified.
The sample x OTU matrix was used for diversity analysis to calculate
species richness (S), the exponent of Shannon diversity (H), Inverse
Simpson diversity (Si) and evenness (J; OTU abundance equality) (Hill,
1973). Specifically, the exponent of Shannon diversity and Inverse
Simpson diversity were used since these represent true diversities (i.e.
“effective species”), in contrast to other diversity indices (Jost, 2006,
2010). These were calculated using the renyi function in the vegan R
package (version 2.3–3) (Oksanen et al., 2016), which calculates true
diversities as a set of specified Hill numbers (0D= S, 1D= H, 2D= Si)
(Hill, 1973). Evenness was calculated as H/ln(S) (Hill, 1973). Diversity
metrics were then analyzed with Two-way ANOVAs (factors: site and
season and their interaction) and Tukey HSD post hoc tests (corrected
for multiple comparisons).
The betapart R package was used to describe beta diversity within
and between sites, and between seasons (Baselga and Orme, 2012).
Specifically, total beta diversity was disentangled (calculated as Bray-
Curtis [BC] dissimilarity, βbray) into two components: the OTU balanced
variation component of BC dissimilarity (βbal) and the abundance gra-
dient component of BC dissimilarity (βgra) (Baselga, 2017). These are
the abundance equivalents of OTU replacement and nestedness derived
from presence-absence (i.e. richness) turnover data (Baselga, 2010).
First, the function beta.multi.abund was used to assess overall multiple-
site dissimilarity. Then, the function beta.pair.abund (which calculates
pairwise dissimilarities between all samples) was used to assess the
effect of geographic distance on whole soil bacterial OTU dissimilarity
and to disentangle the two components of total beta diversity turnover
(Baselga, 2010). Dissimilarity distances necessarily lack independence
between observations, which precludes testing significance by means of
traditional regression procedures. Therefore, Mantel permutation tests
(9999 permutations) with the function mantel in the vegan R package
were used to test for significance of the Pearson correlations between
dissimilarity values and geographic distances. Linear models were fitted
to each of the dissimilarity components to assess rates of turnover.
Lastly, the function beta.temp (which inputs a presence-absence matrix)
was used to assess turnover for the same sites across two seasons (i.e.
temporal turnover). Beta diversity is then computed as overall Sørensen
dissimilarity (βsor) with the components OTU replacement
(βsim = Simpson dissimilarity) and nestedness (βsne = nestedness com-
ponent of Sørensen dissimilarity) (Baselga, 2010). In order to visualise
community composition the function metaMDS was used to create non-
metric multidimensional scaling (nMDS) plots based on Horn similarity
values (Jost, 2007), created with the function sim.table in the vege-
tarian R package (Charney and Record, 2012). A good representation of
community differences (i.e. most variation is accounted for) for an
nMDS plot is indicated by a low stress value (Clarke, 1993). Variation in
community composition was subsequently tested by Permutational
Multivariate Analyses of Variance (PERMANOVA) with 9999 permu-
tations with function adonis in vegan and factors site and season. As
confirmation of whether variation was higher between sites than
within, the dissimilarity matrix was used together with a null-matrix
(Rundle and Jackson, 1996) in a mantel test with 9999 permutations
(Supplementary Fig. S4).
We were also interested in the extent to which spatial and en-
vironmental variables drive soil bacterial community composition and
structure; all functions hereafter were used from the vegan R package
(Oksanen et al., 2016). For this the longitude–latitude coordinates of
each sample was first used to generate a set of spatial variables (S) using
principal coordinates of neighbour matrices (PCNM) (Borcard and
Legendre, 2002; Griffith and Peres-Neto, 2006) with the function pcnm.
The advantage of using PCNM variables is that they represent all per-
ceivable spatial scales in the sampling scheme (Ramette and Tiedje,
2007), with the order of variables corresponding to coarser spatial
scales (Borcard et al., 2004). Since the community data table contained
many instances of very low-abundance OTUs (Fig. S2), we only used
OTUs that represented a cumulative contribution of 80% and also used
a Hellinger transformation to account for the presence of many zero
abundances (Legendre and Gallagher, 2001). To find the set of variables
that explained the variation in the community data the best, a forward
selection was applied of the environmental (soil) and spatial variables,
respectively (Ramette, 2007; Stomeo et al., 2013), with the ordistep
function. The PCNM variables was used together with the set of en-
vironmental (E) variables and subset OTU table in a distance based
redundancy analysis (db-RDA) variation partitioning (Borcard et al.,
1992; Legendre and Andersson, 1999; Peres-Neto et al., 2006) with
function varpart; the output given is RDA-adjusted R2 values, which are
unbiased (Peres-Neto et al., 2006). This establishes the extent to which
either pure environmental (E|S) or pure spatial (S|E) variable fractions,
or their intersection (E∩S), explain variation in bacterial community
composition. The analysis also indicates the amount of variation that
remains unexplained [U = 1 - (E|S) - (S|E) - (E∩S)]. The significance of
fractions E|S and S|E was tested with 9999 Monte Carlo permutations;
fractions U and E∩S are not testable. Unfortunately, varpart cannot
handle missing data, and since soil data was unavailable for one of the
replicate samples, we were obliged to remove it from this analysis.
Finally, bacterial taxa that characterise bacterial communities in the
various fynbos soils were identified using linear discriminant analysis
(LDA) effect size (LEfSe) (Segata et al., 2011) to distinguish between
markers of soils across sites, using the mothur software (Schloss et al.,
2009). Such taxa are those having both high relative abundances within
samples and high frequencies across replicate samples within each site,
and that did not remain unclassified. In order to visualise such bio-
marker taxa their relative abundance and frequency of occurrence were
plotted across each site. Using site as “class”, the method identifies
bacterial biomarkers via a non-parametric Kruskal-Wallis rank sum test
to detect significant taxa, after which an LDA is performed for effect
size estimation (Segata et al., 2011). Biomarkers were identified using
an alpha value of 0.05 and an effect size threshold (i.e. LDA score) of 2.
3. Results
3.1. Site and seasonal bacterial community dynamics
A total of 564 346 high-quality reads were obtained after data
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filtering, which resulted in 39 501 OTUs representing 318 genera, 134
families, 78 orders, 44 classes and 19 phyla. Approximately 72.1%
(406 680) of sequences could not be classified to genus level, 59%
(332 786) to family level, 35.6% (201 153) to order level, 9.5%
(53 707) to class level, and 7.1% (40 276) to phylum level. No OTUs
could be classified to species level as the short sequencing reads asso-
ciated with NGS data normally do not allow such high taxonomic re-
solution. The most abundant phyla across all sites were Proteobacteria,
followed by Actinobacteria and Acidobacteria (Table 2).
Each of the sites had a high number of unique OTUs, aggregated for
both seasons, although there was a core set of 750 OTUs (229 894 reads
or 40.7% of total sequencing reads) that were shared among all sites
(Fig. 1b). A total of 10 723 OTUs (25 673 sequences or 4.55% of total)
were unique to the autumn season, whereas 11 654 OTUs (29 749 se-
quences or 5.27% of total) were unique to spring (Fig. 2).
All alpha diversities (S, H, Si and J) were significantly affected by
site and season with higher diversities in spring (Fig. 3; Table 3), but no
interaction effects were observed between season and site for any of the
diversity metrics included here (linear mixed effects models with season
as random factor showed similar results; Table S2). Furthermore,
Flower Valley had significantly higher OTU richness (S) compared to
Vergelegen (pbonferonni = 0.005) and Walshacres (pbonferonni = 0.04),
while Koude Vlakte had significantly higher values for H
(pbonferonni = 0.01) and J (pbonferonni = 0.006) compared to Vergelegen.
Even though ANOVA indicated Si to be marginally significant for site,
Tukey HSD indicated that no pairwise site comparisons were sig-
nificant.
The high number of unique OTUs observed for each season at the
respective sites was also captured in the analysis of overall temporal
beta diversity, with mean βsor = 0.685 ( ± 0.012 SE). Furthermore, the
same trend was observed for temporal turnover as for geographic
turnover, i.e. that overall total temporal dissimilarity was almost
completely due to OTU replacement (βsim = 0.671 ± 0.012 SE) in-
stead of nestedness (βsne = 0.014 ± 0.002 SE) (Fig. 4a). Overall beta
dissimilarity indicated a high level of turnover among sites
(βbray = 0.960). This turnover was almost completely due to OTU ba-
lanced variation (βbal = 0.956), with almost no abundance gradients
observed (βgra = 0.004). High levels of turnover were also observed
between replicates within site/season combinations (Supplementary
Table S3). Furthermore, a significant positive correlation was also ob-
served at site level for both βbray and βbal with geographical distance
(rMantel = 0.83, P = 0.025 and rMantel = 0.82, P = 0.025, respectively),
whereas there was non-significant negative correlation for βgra
(rMantel = −0.23, P = 0.792) (Fig. 4b). Total dissimilarity βbray in-
creased with geographic distance (slope = 0.0014, P < 0.01), but this
increase was due to the βbal component of dissimilarity
(slope = 0.00115, P < 0.01), whereas βgra remained trivial
(slope = −2.01 × 10−5, P = 0.53). There was a near-complete turn-
over of OTUs (βbray = 0.955) at the highest end of geographic distance
included in the analysis (ca. 200 km).
High beta diversity between sites was reflected in the nMDS plot
which indicated clear separation between both sites and seasons
(Fig. 5), both factors accounted for a significant component of variation
in composition between samples (Table 4). The mantel test confirmed
that replicates within sites were more similar to each other than re-
plicates between sites (rMantel = 0.628, P < 0.001).
3.2. Soil abiotic predictors of bacterial community composition
After forward selection pH and NH4+ were retained as significant
predictors of bacterial community composition for the environmental
component, and axes 1, 3 and 4 of principal coordinates of neighbour
matrices (PCNMs) as significant predictors for the spatial component.
Season was retained as a factor due to the high number of unique OTUs
found at each site for each season. Variation partitioning indicated that
environmental (soil) variables explained about 30% of the variation in
the species (OTU) matrix (Fig. 6). Roughly half of this (~17%) could
also be predicted by the information from the geographical coordinates,
meaning that bacterial OTUs and soil data have a fairly similar spatial
structuring. The spatial component (S|E) uniquely explained about 18%
(P = 0.001) of the variation. Local effects, i.e. variation solely due to
soil (E|S), explained a significant amount of variation (13.5%,
P = 0.001). However, a large amount of variation remained un-
explained (~52%) indicating that there are other intrinsic processes
responsible for community structuring that are unaccounted for here,
e.g. plant community composition, temperature, etc.
Finally, the analyses of biomarker taxa highlighted numerous taxa
that discriminated between the sites. Specifically, the genera Acidocella,
Bacillus, Acidobacteria_Gp1, and Betaproteobacteria were characteristic
of the sites Flower Valley, Koude Vlakte, Walshacres, and
Vermaaklikheid, respectively (Fig. 7; Supplementary Table S1). The
class Acidobacteria_Gp1 was abundant at Vergelegen.
Table 1
Soil abiotic characteristics at the various sites. Values are means ( ± standard errors).
Site Season pH P (mg kg−1) C (%) NH4+ (mg kg−1) NO3+ (mg kg−1) N (%)
Flower Valley Autumn 5.00 (0.27) 7.75 (0.95) 3.02 (0.54) 123.75 (18.2) 11.35 (6.9) 0.07 (0.011)
Spring 4.95 (0.05) 5.00 (0.00) 1.97 (0.11) 64.75 (8.0) 0.33 (0.0) 0.07 (0.003)
Koude Vlakte Autumn 5.85 (0.23) 25.75 (4.13) 0.48 (0.05) 8.00 (2.2) 3.40 (0.6) 0.03 (0.003)
Spring 5.95 (0.29) 24.50 (3.66) 0.37 (0.07) 3.00 (2.0) 0.53 (0.1) 0.03 (0.003)
Vergelegen Autumn 4.23 (0.02) 5.25 (0.25) 1.27 (0.06) 45.00 (2.7) 31.48 (4.2) 0.05 (0.005)
Spring 4.05 (0.06) 6.25 (0.48) 1.83 (0.35) 58.00 (10.9) 0.93 (0.3) 0.06 (0.003)
Vermaaklikheid Autumn 7.70 (0.09) 52.25 (9.71) 10.63 (0.54) 363.25 (37.2) 129.83 (51.3) 0.18 (0.020)
Spring 7.65 (0.03) 30.75 (2.81) 5.98 (1.86) 269.25 (36.6) 4.20 (0.4) 0.17 (0.018)
Walshacres Autumn 4.20 (0.04) 4.75 (0.48) 1.43 (0.22) 35.75 (2.9) 1.13 (0.4) 0.05 (0.003)
Spring 4.83 (0.35) 6.33 (1.45) 2.24 (0.74) 62.00 (20.5) 0.30 (0.1) 0.06 (0.010)
Table 2
Top contributing taxa across all sites for various taxonomic levels.
Level Taxon % Level Taxon %
Phylum Proteobacteria 37.11 Family Mycobacteriaceae 11.17
Actinobacteria 32.17 Acetobacteraceae 11.14
Acidobacteria 25.63 Sphingomonadaceae 8.64
Bacteroidetes 1.44 Bradyrhizobiaceae 7.08
Firmicutes 1.32 Geodermatophilaceae 5.47
Class Actinobacteria 32.37 Genus Mycobacterium 16.36
Alphaproteobacteria 23.02 Bradyrhizobium 8.60
Acidobacteria_Gp1 13.12 Gaiella 6.95
Betaproteobacteria 9.95 Burkholderia 5.61






Values are percentage of classified sequences.
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4. Discussion
This study provides the first report of how environmental and spa-
tial variability at broad geographic scales influence the structure and
composition of soil bacterial communities in South Africa's hyperdi-
verse fynbos region. Similar to what has been reported for many of the
aboveground components in this region (e.g. insects - Kemp et al., 2017;
plants - Linder, 2005; Manning and Goldblatt, 2012), this study found
strong spatial turnover in these soil bacterial communities.
4.1. Localized and seasonal changes in soil bacterial communities
Previous work suggested limited temporal change in the structure of
fynbos soil bacterial communities within the same vegetation type, and
over small spatial scales (Slabbert et al., 2010, 2014). In contrast this
study found strong bacterial compositional turnover between seasons
and seasonal fluctuations in alpha diversity within sites, despite the
perceived stability of aboveground plant communities and, at least
some, soil abiotic conditions (e.g. pH, N and C content) at these sites.
The strong seasonal effect found here is in agreement with previous
studies conducted at various temporal scales (years, seasons, and even
days) (Buckley and Schmidt, 2003; Lipson, 2007; Zhang et al., 2011;
Samaritani et al., 2017), and is perhaps unsurprising as fynbos systems
are characterised by high seasonal variation associated with the pre-
vailing Mediterranean-type climate experienced by the region, i.e. hot
and dry summers, and cold and wet winters (Manning and Goldblatt,
2012; Ellis et al., 2014). Soil bacterial community composition is often
strongly linked with such dramatic fluctuations in temperature and soil
moisture (Fierer and Jackson, 2006; Fierer et al., 2012; Thompson
et al., 2017), although the data to test this explicitly was not available.
Finally, spatially heterogeneous communities, such as the different
vegetation types included in this study, also generally seem to be
temporally more heterogeneous (Collins et al., 2018). It should be
noted, however, that alpha diversity of soil bacterial communities can
also vary dramatically across very short time periods (e.g. monthly;
Lauber et al., 2013), and thus it remains to be explored what the effect
of finer or short-term temporal scales would be on fynbos soil bacterial
communities.
4.2. Soil abiotic variables as predictors of bacterial community composition
Disentangling the effects of various soil abiotic conditions on soil
bacterial community diversity and structure from observational data
remains challenging. We attempted to do this in order to better un-
derstand the high beta diversity turnover of fynbos bacterial commu-
nities and found that pH and NH4+ were significant predictors of
community composition. It is known that many bacterial species are
sensitive to fluctuations in pH (Fierer et al., 2012; Bartram et al., 2014),
and its significance as a predictor is thus no surprise, given the large
variation in soil pH among the study sites (range 3.8–8.2). The fact that
the effects of pH on taxon sorting is evident even at coarse taxonomic
levels (Lauber et al., 2009), means that pH might serve as a primary
driving force of the observed differences in soil bacterial community
composition between sites. For example, the most unique soil bacterial
communities identified were from Vermaaklikeid and Vergelegen soils;
the former characterised by the typical limestone substrates of the
Aghulhas plain and associated alkaline soils, while the latter is char-
acterised by highly acidic soils (Rebelo et al., 2006). It is conceivable
that soil temperature and moisture (as a proxy for rainfall) may also
impact soil bacterial community composition across the sites, but data
Fig. 2. Venn diagrams for each site and season (i.e. austral autumn or spring) combination. Numbers in diagrams indicate OTUs that are unique or shared between
seasons for each site (i.e. richness).
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to test this was unfortunately lacking.
4.3. Soil bacterial community beta diversity and composition
Fynbos soil bacterial community composition was explained by both
spatial and soil variables, but substantial variation remained un-
explained (~52%). Although it is not clear whether this reflects factors
not included here, or stochastic processes, the hyperdiverse nature of
fynbos habitats means that sampling of more sites, as well as more
sampling effort per site, would potentially provide better resolution of
the determinant of community composition. Both stochastic and de-
terministic processes are important in structuring bacterial commu-
nities (Gibbons and Gilbert, 2015), many of which were not accounted
for in this study, including competition, predation, disturbance events
(e.g. fires, which are particularly prominent in fynbos ecosystems),
dispersal limitation related to the mode of reproduction, and plant
community composition (Borcard et al., 1992). Spatial isolation has
been suggested as a factor in promoting high soil bacterial turnover
(Zhou et al., 2002). In fact, high spatial turnover (i.e. species replace-
ment) as identified here, in contrast to nestedness, suggests that dis-
persal barriers or selective differentiation exist between fynbos bac-
terial communities (Baselga, 2010). The variation in soil conditions
known to exist between fynbos vegetation types (Table 1) (Rebelo et al.,
2006) might serve as an environmental barrier, effectively and in-
directly isolating bacterial populations spatially, resulting in the ob-
served high levels of beta diversity. Such barriers are well established
for fynbos plant communities, e.g. between the southern and south-
western geographical units, or between different soil types (Manning
and Goldblatt, 2012; Ellis et al., 2014), and could contribute to the
turnover in soil bacterial communities observed here. Soil fungal
community diversity in fynbos soils seems to be even higher than
bacterial diversity (Slabbert et al., 2010). It remains to be explored
whether similar temporal and spatial trends exist for fungal commu-
nities across environmentally heterogeneous fynbos sites.
Many unique bacterial species were also found, even within single
soil replicates (Supplementary Fig. S3), as well as high turnover levels
Fig. 3. OTU alpha diversities for whole soil bacterial communities at various pristine fynbos sites sampled during austral autumn and spring seasons. All diversities
were significantly higher in the spring season according to a two-way ANOVA. Letters indicate significant differences at P < 0.05 between sites from a Tukey HSD
post hoc test.
Table 3
Two-way ANOVA results for various diversity metrics of fynbos soil bacterial
communities sampled during austral autumn and spring seasons, with sig-
nificance indicated in bold and as follows: * = P < 0.05, ** = P < 0.01.
Diversity Factor df Mean Sq F P
Richness Site 4 185790 4.64 0.005**
Season 1 284766 7.11 0.012*
Site x Season 4 36211 0.90 0.474
Residuals 30 40062
Exponent of Shannon Site 4 134966 3.58 0.017*
Season 1 492782 13.07 0.001**
Site x Season 4 30997 0.82 0.521
Residuals 30 37711
Inverse Simpson Site 4 23530 2.75 0.046*
Season 1 75571 8.83 0.006**
Site x Season 4 8108 0.95 0.451
Residuals 30 8561
Pielou's Evenness Site 4 0.0017 3.70 0.015*
Season 1 0.0058 12.50 0.001**
Site x Season 4 0.0004 0.91 0.47
Residuals 30 0.0005
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between replicates within sites (Supplementary Tables S3 and S4). A
potential explanation for this is micro-scale changes in the bacterial
community, e.g. associated with rapid microbial responses to plant root
inputs (Bach et al., 2018). In fact, recent evidence suggests that dif-
ferent soil microaggregates support very diverse and distinct microbial
and fungal communities (Bach et al., 2018), and it is thus likely that the
substantial micro-scale diversity can be found in single soil replicates.
Again, community divergence at fine spatial scales is not unique to
fynbos bacterial communities, but has also been observed in above-
ground fynbos diversity components, such as plants (Araya et al., 2012;
Silvertown et al., 2015) and insects (Kemp et al., 2017).
4.4. Indicator taxa of soil bacterial communities
Although many of the bacterial taxa remained unclassified at genus
level, some informative taxonomic patterns were identified. For
example, Acidobacteria were the most important biomarker taxon in
soils at three sites (Flower Valley, Vergelegen and Walshacres)
(Supplementary Table S1). Members of the Acidobacteria are known to
occur in high abundances in acidic, oligotrophic soils (Dion and
Nautiyal, 2003; Philippot et al., 2010; Bardhan et al., 2012; Sun et al.,
Fig. 4. Soil bacterial beta diversity turnover for the five study sites; A) temporal turnover between autumn and spring samples from each site; B) Spatial turnover
between sites (using community data aggregated across both seasons) plotted against geographic distance between sites, with indication of Mantel correlations
(Pearson r with corresponding P-values) between dissimilarities and geographic distance.
Fig. 5. Non-metric multidimensional scaling (nMDS) plot of whole soil bacterial communities from various pristine fynbos sites sampled during austral Autumn and
Spring seasons. Lines indicate distances from individual samples (coloured symbols) to their respective site centroids (black symbols).
Table 4
Permutational multivariate analysis of variance (PERMANOVA) results for soil
bacterial communities of various pristine fynbos sites sampled during austral
autumn and spring seasons, with significance indicated in bold and as follows:
* = P < 0.05, *** = P < 0.001.
Factor df Mean Sq F P
Site 4 1.679 14.53 0.0001***
Season 1 0.278 2.41 0.0298*
Site x Season 4 0.169 1.46 0.0781
Residuals 30 0.116
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2014), which were a feature of these sites. The absence of Acidobacteria
at Vermaaklikheid and Koude Vlakte sites may reflect the alkaline
(pH ~ 8) or slightly acidic (pH ~ 6) soils found at these sites, respec-
tively. Under field conditions Acidobacteria are important regulators of
iron (Coupland and Johnson, 2008; Lu et al., 2010) and the biogeo-
chemical cycling of sulphur (Rowe et al., 2007). At Koude Vlakte, the
genus Bacillus was the most characteristic taxon. Some Bacillus species
are known for their role in promoting plant growth (Bulgarelli et al.,
2013), specifically due to their ability to solubilise mineral phosphorus
and thus promote phosphorus availability/uptake. Microorganisms that
have the capacity to solubilise mineral phosphorus are abundant in
most soils (Bulgarelli et al., 2013), and the abundance of Bacillus species
at Koude Vlakte may reflect the high levels of soil phosphorous at this
site (Fig. 1, Supplementary Fig. S5). Finally, Actinobacteria was an
important indicator taxon of the high-pH soils collected at Vermaak-
likheid. This group of bacteria are known to act as plant growth pro-
moters (e.g. by solubilising rock phosphate) and disease suppressors
(e.g. having antimicrobial activities) (Palaniyandi et al., 2013). The
abundance of Actinobacteria is correlated with pH (Lauber et al., 2009)
and their diversity in limestone-derived soils is usually high
(Nimaichand et al., 2015). As such their characteristic presence in the
alkaline limestone derived soils of Vermaaklikheid is not unexpected.
Although members of the Betaproteobacteria were the most char-
acteristic taxa at Vermaaklikheid, they are indifferent towards changes
in soil pH (Lauber et al., 2009), indicating that other conditions
Fig. 6. Variation partitioning of environmental (E) and spatial (S) components
in explaining whole soil bacterial community structure. The bounding box in-
dicates all variation in the community. Variation explained only by fraction E is
indicated as E|S and that explained only by S as S|E. Shared variation (i.e.
intersection) among E and S is indicated by E∩S. All unexplained variation is
indicated by fraction U. Values indicated are RDA-adjusted R2 values with
significance added. Fractions U and E∩S cannot be tested for significance.
Fig. 7. Linear Discriminant Analysis Effect Size (LEfSe) for biomarker taxa. Taxa that occurred in both high relative abundances and frequencies (of all classifiable
taxa) are the most important taxa that distinguish sites, corresponding to taxa that have the highest LDA scores. (Note: a small amount of jitter was added to the graph
to give more clarity to overlapping dots).
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modulate their abundance at this site. The characteristic biomarker taxa
identified in this study might potentially serve as useful indicators of
changes in soil conditions under novel ecological contexts. For example,
upon colonising and spreading in new environments, invasive plants
often alter soil nutrients (Yelenik et al., 2004; Marchante et al., 2008;
Lorenzo et al., 2010; González-Muñoz et al., 2012; Souza-Alonso et al.,
2014, 2015) and microbial communities (Klironomos, 2002; Callaway
et al., 2004). Indicator microbes might therefore be particularly useful
to detect and monitor such changes.
4.5. Potential links between below- and aboveground communities
It is well known that belowground bacterial community diversity
and composition are strongly correlated with aboveground plant com-
munity diversity and composition (Reynolds et al., 2003; Elgersma
et al., 2012; Steidinger et al., 2019), and that they are intricately linked
by feedback loops (Klironomos, 2002). The finding, that fynbos soil
bacterial communities exhibit high compositional turnover across
broad scale spatial and soil abiotic gradients, parallels the well-estab-
lished pattern of high beta and gamma diversity being the primary
contributors to the exceptionally high plant species diversity of fynbos
(Cowling, 1990; Manning and Goldblatt, 2012). This suggests the pos-
sibility that these two components of fynbos diversity may be directly
linked through plant-soil microbial interactions, although the alter-
native possibility that bacterial and plant communities respond to the
same underlying abiotic gradients cannot be eliminated. Thus, like re-
cent work demonstrating direct links between diversification of fynbos
plants and herbivorous insects (Kemp et al., 2017), the current study
suggests that above-belowground interactions between soil bacteria and
plants may be an additional and important contributor to the build-up
of diversity in the fynbos biodiversity hotspot. Two sites (Vergelegen
and Walshacres) are listed as Endangered vegetation types due to their
high levels of plant endemism (especially Proteaceae species) and the
low extent of remaining habitat (Rebelo et al., 2006). All these vege-
tation types vary considerably in both abiotic soil conditions and as-
sociated plant communities (Rebelo et al., 2006). Thus, the high soil
bacterial community turnover found in this study might be reflective, in
part, of the high levels of plant community turnover between sites
(Manning and Goldblatt, 2012).
5. Conclusion
This study has shown that the soil bacterial communities of the
globally important fynbos biodiversity hotspot to mirror the excep-
tional diversity of other components of the region. This study did not,
however, explore in detail potential mechanisms that may explain this
high diversity. Elucidating the causal pathways linking aboveground
communities, soil bacterial communities, and abiotic soil conditions, is
an important and interesting future research direction. Furthermore,
considering the threatened nature of many fynbos habitats (Rebelo
et al., 2006) and the rate at which these environments are transformed
(either by invasive species or direct anthropogenic effects such as land
clearing), it is advocated that the belowground components of these
systems must be explored before they are lost. It is argued that such
unique biodiversity might represent novel, but hitherto overlooked
genetic resources (Stafford et al., 2005) that might prove invaluable
towards the monitoring and rehabilitation of highly threatened habi-
tats, especially given the fact that interactions between plants and soil
biota are critical for the restoration of disturbed ecosystems (Philippot
et al., 2013).
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